Focus measure plays a fundamental role in the shape from focus technique. In this Letter, we suggest a focus measure in the S-transform domain that is based on the energy of high-frequency components. A localized spectrum by using variable window size provides a more accurate method of measuring image sharpness as compared to other focus measures proposed in spectral domains. An optimal focus measure is obtained by selecting an appropriate frequency-dependent window width. The performance of the proposed focus measure is compared with those of existing focus measures in terms of three-dimensional shape recovery. Experimental results demonstrate the effectiveness of the proposed focus measure.
Inferring depth information and restoration of focused image of an object from its two-dimensional (2D) images are important tasks in computer vision applications [1, 2] . Imaging devices, particularly those with lenses of long focal lengths, usually suffer from limited depth of field. Therefore, in the captured images, some parts of the object are well focused while the other parts are defocused with a degree of blur. Shape from focus (SFF) is a passive optical technique that uses focus as a cue for depth estimating. In this technique, a sequence of images is acquired at different focus levels by translating object along the optical axis. First, focus value is computed for each pixel in the image sequence by using a focus measure. The best focused pixels among the sequence provide the depth information. A coarse depth map is then obtained by maximizing the focus measure along the optical axis. In the second step, an approximation technique is used to further refine the initial depth map [3] . The performance of these depth estimation techniques generally rely upon the accuracy of the focus measure. Thus, in SFF techniques, a robust and accurate focus measure is of fundamental importance.
In the literature, many focus measures have been reported in the spatial and frequency domains [4] [5] [6] . Ideally, a focus measure should respond to the highfrequency contents in the image. In the spatial domain, sum-modified Laplacian F SML , Tenenbaum focus measure F TEN , and gray level variance F GLV are the most commonly used focus measures [3, 4, 6] . In the frequency domain, focus measures usually compute total energy or calculate the ratio of the highfrequency components to the low-frequency components for focus measurement [5, 6] . The studies of these focus measures have revealed that frequency components of different energies affect the focus measurement. For example, in discrete wavelet transform (DWT) based focus measures, highfrequency components at the second level have a higher effect on image sharpness [5] . Similarly, in discrete cosine transform (DCT) based focus measures, frequency components in the middle are of greater interest regarding focus measurement [6] .
Owing to a variable window size, a recently proposed S transform (ST) has certain advantages over DWT and other time-frequency analysis tools, and it has gained considerable attention in signal and image processing [7] [8] [9] . In this Letter, we suggest the use of ST, with a modified widow width scheme, to compute the image focus. In the proposed method, the window width depends on the variation in frequency along with two adjustable parameters. The optimal values of these adjustable parameters are chosen in such a way that the energy concentration is maximized. The energy of the localized spectrum is taken as a criterion to compute the focus quality.
The Fourier analysis of a signal h͑t͒ with a window g͑t͒ can be written as
where denotes the frequency. Owing to the compact form of the Gaussian window in the spatial and frequency domains, ͕g͑t͒ = ͑1/ ͱ 2͒exp͓−͑t − ͒ 2 /2 2 ͔͖ is commonly used. This window is a function of both translation and dilation (window width ). If the window width is fixed, a special case of ST, which is equivalent to the short-time Fourier transform (STFT). However, in ST, the window size varies at each point. By setting the width of Gaussian window as a function of frequency ͑͒ =1/͉͉, the ST can be written as
͑2͒
It is inferred from the above equation that the window size affects the transformed components and their energy. The total energy of high-frequency com-ponents further affects the focus quality, and we obtain an improved focus measure by modifying the standard deviation of the Gaussian window as
The above modification is very similar to that proposed in [9] for a higher energy concentration. However, instead of using a single parameter, we use two parameters, namely ␣ and ␤, that tune the width of the window. The modified ST is given as
͑4͒
In the modified ST, the window width corresponds to ␣ = 1 and ␤ = 1 representing the standard ST. The value of ␣ determines the intercept for the maximum window size. For ␣ Ͻ 1, the maximum window size becomes less than one and the window becomes narrower in the time domain. However, in the case of ␣ Ͼ 1, the window becomes wider. Increasing the value of ␤ shortens the window width and vice versa. An effective focus measure can be obtained by providing appropriate values of ␣ and ␤.
In the case of a discrete signal h͓pT͔, ST can be
͑5͒
where n , p =0,1,2, ... ,N − 1 and H͑ · ͒ denotes the Fourier transform of the signal. In SFF, an image sequence I z ͑x , y͒ is acquired through a CCD camera by varying the focus level. In the obtained sequence, the total number of images is Z. Considering a small image of size N ϫ M around each pixel ͑x,y͒ of the sequence, we use 2D ST for measuring the focus quality. The discrete form of 2D ST is written as
͑6͒
where NT x and MT y denote frequency coordinates, T x and T y represent time samples, and p , q, n, and m are indices in the spatial and transform domains. At zero frequencies, the transformed components Ј͑pT x , qT y ,0,0͒ represent the average values of the data. Thus we exclude these components to compute the sharpness. The proposed focus measure is computed as
͑n,m͒ ͑0,0͒. ͑7͒
By applying the above focus measure for each pixel in the sequence, we determine the focus volume I z Ј͑x , y͒
͑8͒
To improve the robustness, the initial focus values are accumulated within a small three-dimensional (3D) window of size ͑2W +1͒, and a refined focus volume is obtained as
͑9͒
For each object point, the sharpest pixel provides the depth information. The depth map D͑x , y͒ is computed by maximizing the focus measure along the optical axis, as shown below:
On the other hand, the all-in-focus image I aif is computed by taking gray level values at the maximum focus as
To report the effectiveness of the proposed focus measure, we conducted experiments using image sequences of three real objects. A sequence of 97 images of a real cone was obtained by using a simple CCD camera. The dimensions of each image are 200 ϫ 200 pixels. Its actual depth map was estimated by using the cone parameters. Images for the test objects, a statue on the one cent coin and letter I engraved into the surface, were obtained using a microscope control system (MCS) [5] . For each object, 60 images each of size 300ϫ 300 were acquired. Figure 1 shows a sample frame from each image sequence. It can be observed that some parts of the images are blurry. The second row of Fig. 1 shows the all-in-focus images restored through the proposed focus measure. The proposed focus measure has improved the quality of the restored images significantly.
To find the appropriate values of parameters ␣ and ␤, we used the well-known grid-search technique. We used randomly selected image patches from different images and found the optimal values of the parameters ␣ = 3.0 and ␤ = 1.7. The same values have been used for computing the focus measure for all image sequences. The performance of the proposed focus measure is compared with the existing focus mea-sures F SML , F TEN , F GLV , and F DWT [3] [4] [5] . Using the actual depth map of the real cone and its estimated depth maps, rms error (RMSE) values have been computed. Table 1 shows the lowest RMSE value for the proposed method, among the other focus measures. Figure 2 shows the depth maps computed by using focus measures F SML , F TEN , F GLV , F DWT , and F ST for three test objects real cone, coin, and letter I. For lucid comparisons, 3D window of size 5 ϫ 5 ϫ 5 has been used for summation of the focus values for all focus measures. A significant performance difference can be observed for 3D shapes recovered using the proposed and existing focus measures. It is notable that the F SML focus measure poorly recovered the depth of the lower right corner of the real cone. This is due to the low illumination and weak textured area of the real cone images. However, our proposed method successfully recovered the depth from this weak textured area.
During experiments, we found that the computations of ST are expensive. This is perhaps the main reason that limits the utility of ST in many applications. However, recently some fast algorithms have been proposed to improve its efficiency [8] .
In conclusion, we have proposed a new focus measure employing the energy of high-frequency components in ST. The adjustable window width that affects the energy as well as the focus measure is obtained by tuning the parameters. The comparative analysis has confirmed the effectiveness of the proposed focus measure. 
